Fe-sheathed MgB 2 wires doped with C and TiC nanoparticles in the formula MgB 2-x C x + yTiC (x = 0, 0.05, 0.1, 0.15, 0.2, and y = 0, 2.5 wt.%, 5 wt.%) were investigated. Xray diffraction patterns indicate that the core materials in the wires contain small amount of Fe 2 B and MgO impurity phases, and the peaks shift with the variation of doping amount. It is found that the critical temperature T c decreases with the increase of doping amount. Strong in-field current carrying capability enhancement was observed on MgB 1.95 C 0.05 + 2.5 wt.% TiC .
INTRODUCTION
The discovery of superconductivity in MgB 2 triggered a tremendous research towards its applications in areas such as superconducting magnets [1] [2] [3] [4] . Currently, powder-in-tube (PIT) method is one of the most promising methods for making long length MgB 2 superconducting wires and tapes for magnet windings [5] [6] [7] . In PIT process, reacted (ex situ) or non-reacted (in situ) Mg and B powders are packed into a metallic tube, followed by cold work, such as swaging, drawing, rolling, to make long length wires and tapes. The chosen metallic sheath has to be low-cost, chemically compatible with MgB 2 compound, and adequate for mechanical strength, which leaves Fe, Ni, and stainless steel (SS) ideal sheath metals [8] .
Compared with the low-temperature superconductors commercially available, the main obstacle of MgB 2 for its practical applications at high magnetic field is its lack of flux pinning [9] . Adding nano-scale dopants has been proved a very effective way for introducing pinning centers into MgB 2 [10] . In the past five years, a great deal of research effort has been made in searching for proper dopants and more than thirty different doping species have been investigated. These dopants include metal elements, borides, nitrides, oxides, carbon, carbides, organic compounds and other materials [11] [12] [13] [14] . To date, the most effective dopants are carbon and carbon compounds. Corresponding mechanisms have been proposed to understand the effects brought by dopants. However, little attention has been paid to dual or even triple dopants, which may bring breakthrough towards the possible high field applications of MgB 2 .
In our previous research [15] , we systematically investigated the critical current density in the presence of external magnetic field on nanosized TiC doped MgB 2 wires. Dramatic enhancement of in-field current carrying capability on 2.5 wt.% TiC doped MgB 2 wires was observed. In this paper, we report the results of a study on Fe-sheathed MgB 2 tapes which were co-doped with C and TiC nanoparticles.
EXPERIMENTAL
The powder-in-tube method was used to fabricate nanosized C and TiC doped Fesheathed MgB 2 wires. The iron tube used in this study had an outer diameter of 6 mm and a wall thickness of 1 mm. One end of a 10 cm long iron tube was sealed by crimping. Then desired powder was filled into the tube gradually to ensure the tight pack. The remaining end of the tube was crimped and sealed afterwards. To make the desired powder, commercially available Mg powder (Alfa-Aesar, nominally 99.8% pure, -325 mesh), B powder (Alfa-Aesar, nominally 99.99%, amorphous phase, -325 mesh), C powder (MTI, nominally 99.9%, 30 nm), and TiC powder (MTI, nominally 99%, 20 nm) were stoichiometrically mixed. The powder mixture was then mechanically milled by a Spex-8000 high-energy ball mill for 100 minutes. Stainless steel balls and vial were used as milling medium and the mass ratio of ball to powder was 20:1.
The entire filling procedure was carried out in an argon atmosphere. The powder packing density was about 1.5 g/cm 3 . The powder-filled tube was rolled to a wire with a square cross-sectional area of about 1 mm by 1mm. A motorized groove rolling mill with 17 different grooves of sizes from 6 mm to 1 mm was used for the wire rolling. Then the square wire was rolled to a tape with a dimension of 2.3 mm in width and 0.35 mm in thickness. As-rolled tapes were heat treated at 800 o C for 30 minutes. A high purity argon gas flow was maintained throughout the heat treatment process to avoid the oxidation of iron sheath.
The XRD patterns on the core materials of the wires were obtained by using a Rigaku D/Max Ultima II diffraction machine with Cu K radiation. To prepare XRD sample, core material of the wires was removed from the iron sheath carefully using a scissor and a blade, followed by grinding. The temperature dependent resistance was measured by a standard four probe method in a temperature range from 300 K to 10 K. The hysteresis loops of magnetization (M-H) up to 5 Tesla were measured using a Magnetic Property Measurement System (MPMS) from Quantum Design. Due to the ferromagnetic nature of iron, the Fe-sheath had to be peeled off with appropriate tools to obtain the desired doped MgB2 samples for magnetization measurements. The dimension of the sample for MPMS measurement is roughly in rectangular shape with a dimension of about 2.0 mm × 1.2 mm × 0.13 mm. The magnetic Critical current density of the samples was calculated with the formula J c = 20 M/[a(1-a/3b)] from Bean critical state model [16] , where M is the difference between the upper and lower branches of the hysteresis loops with unit emu/cm 3 .
RESULTS AND DISCUSSIONS
X-ray Diffraction Figure 1 shows the XRD patterns of the core materials of Fe-sheathed MgB 2 tapes doped with various amount of C and 2.5 wt.% of TiC. Three different phases were identified: MgO, Fe 2 B, and the main phase MgB 2 for which the Miller indices are labeled in the figure. We believe that the MgO impurity phase was formed due to the trapped oxygen in the raw powder, while the formation of Fe 2 B should be due to the reaction between B and iron sheath. Because of the excess carbon in this system, Mg(B 1-x C x ) 2 phase was formed with 0 < x < 1 [17, 18] . This may cause the excess B atoms to react with the Fe-sheath to form Fe 2 B. Slight shift of the MgB 2 peaks toward higher 2 was observed with the increase of carbon amount. For example, with the increase of carbon substitution level, (100) peak gradually shifts from 33.62 degree to 33.8 degree monotonically. No TiC phase or Ti related phase could be detected in the XRD patterns. This is mainly due to the very small size and/or very small amount. Figure 2 shows the XRD patterns of MgB 1.95 C 0.05 + yTiC, where y = 0, 2.5 wt.%, 5 wt.%. Same as aforementioned XRD patterns, three phases were observed: MgO, Fe 2 B, and MgB 2 . Adding TiC into the materials causes peak shift toward lower 2 side, which was also reported previously by other groups [15] . Figure 5 shows the field dependence of critical current density (J c ) of MgB 1.95 C 0.05 + yTiC, where y = 0, 2.5 wt.%, 5 wt.%. There is no significant difference on current carrying capability of MgB 1.95 C 0.05 and MgB 1.95 C 0.05 + 2.5 wt.% TiC. However, when TiC level is increased to 5 wt.%, apparent enhancement of J c was observed, while T c only decreases 0.4 K from 34.8 K to 34.4 K. For example, at 4.6 Tesla, the increase in J c for the sample doped with 5 wt.% TiC is three times of that for the sample doped with 2.5 wt.% TiC. We believe that this is due to the effectiveness of nanosized TiC as pinning centers.
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CONCLUSIONS
In this study, Fe-sheathed MgB 2 wires doped with different levels of C and TiC nanoparticles were investigated. X-ray diffraction patterns revealed the existence of impurity Fe 2 B and MgO phases, and the shift of the peaks of the MgB 2 phase was observed to be caused by different doping amount. T c decreases with the increase of doping amount. Strong in-field current carrying capability enhancement was observed on the sample MgB 1.95 C 0.05 + 2.5 wt.% TiC .
